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✓  ABSTRACT 

Rndio-echo  studies  of  the  lunar  surface  in  the  wavelength  range  3  meters  to  10  cm 
indicate  that  the  surface  is  smooth  and  undulating  for  the  most  part,  with  an 
average  surface  gradient  of  the  order  of  one  in  ten.  Photometric  studies  of  the 
brightness  distribution  over  the  moon’s  disk,  on  the  other  hand,  demonstrate  the 
existenceof  microstructure  which  causes  the  surface  to  appear  very  rough  at  these 
much  shorter  wavelengths.  This  report  describes  radio-echo  measurements  of  the 
reflection  properties  of  the  moon  at  a  wavelength  of  3.6cm.  The  results  show 
that  the  surface  appears  a  good  deal  rougher  at  3.6  cm  than  at  meter  wavelcrf  ’hs. 
Some  30  per  cent  of  the  reflected  power  is  returned  from  scatterers  that  are  uni¬ 
formly  distributed  over  the  surface.  The  remainder  is  reflected  from  a  region  at 
the  center  of  the  visible  disk  which  has  a  radius  of  about  half  the  lunar  radius. 
In  this  region,  the  surface  appears  to  be  de.scribable  by  means  of  a  Gaussian 
spatial  autocorrelation  function  with  a  mean  surface  gradient  of  one  in  three. 
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RADIO-ECHO  OBSERVATIONS 
OF  THE  MOON  AT  3.6-CM  WAVELENGTH 


I.  INTRODUCTION 

<  li()  ohscrvatioiis  <il'  the  nuxiii  havi-  hern  rnade  (hiriii)'  tlw  fast  (iiTadi-  at  wavidciiittlis 

that  rtiriit'-  in-twri'ii  t  aii'tci's  ;uul  t  i-t-ntiini'tcrs.  This  work  lias  lu’i’ti  s\iiniiKiriv.i’d  aiui  disi  iissi-d 
I  1  t 

holli  hy  I'.vtuis  ■  atui  !)y  I'.vans  ;iiid  I 'ft  ti-tii'iU .  The  principal  results  arc-  that  the  lunar  surCace 
scatters  radio  waves  in  a  distinctly  different  way  from  llie  maaner  in  wliieh  it  scatters  litfht.  .At 
radio  wavelentjths  most  of  the  ('mu'f'y  i.s  reflected  from  a  sma'l  retd'ni  ;it  tl-.e  emiti'i-  of  the  visible 
disk.wiiereas  at  optical  wavelengths  (at  hill  moon)  the  .surface  aiipi-ars  almost  uniformly  hrii;ht.* 

Theoi'etical  studies^'*^  of  the  scattering  mechanism  indicate  that  the  radio  oliservatinns  ”i;>y 
he  interpreted  as  showinK  llial  the  lunar  surface  is  larfiely  smooth  (to  thi'  order  of  a  few  centi¬ 
meters)  .nul  tindtilaliiiK,  with  averaf;i'  surfai-e  gradients  of  tlie  order  of  one  in  ten.  Tlie  auto- 
I'orrelation  function,  which  describes  how  tin*  IndKht  of  the  triu'  surface  departs  from  a  smooth 
sphere  ns  a  function  of  distance  measured  over  Um‘  siilieri'.  appears  to  he  exponential  in  i-h.'ir- 
m  ter  and  is  cci-tainly  not  Claussian.  .Similar  exponential  auto 'orri'lation  functions  have  been 
found  to  ilescribe  many  types  of  terrain  on  Karth.* 

g 

l•■rom  photometric  studies  of  tlte  moon,  Minnaert  concludc.s  tliat  1h('  sui’faei'  "is  ajipai  •■ntly 
an  assemldy  of  closely  packed  h.ole.s  of  all  .si.te.s  superposed  and  juxtaposed,  excavati'd  in  dark 
material,"  The  way  in  which  the  surface  reflects  will  be  larRely  indepimdent  of  tht'  sizi'  of  tiiesi' 
lioh'S,  provided  that  their  dunensions  are  much  lat’Ker  than  those  of  the  incidemt  exploring  \vav('. 
Thus  tlie  pliotometric  studies  of  the  moon  yield  information  only  nliout  the  microslructure  of  the 
surfaec  (piu'liaps  havinc  a  scale  size  measured  in  fractions  of  a  millir  .  ano  ih.-  radio-echo 

observations  arc  sensitive  only  to  structures  having  scale  sizes  in  the  range  many  tens  of  wave¬ 
lengths  to  some  fraction  (~  0.^15)  of  a  wavelength. 

n 

Radar  observations  of  the  moon  at  a  wavelength  of  3  cm  have  been  rcportetl  by  Koiirin.  At 
the  lU'esent  time  no  measurements  have  been  made  at  a  shorter  wavelcngtli.*  However,  Kobrin 
employed  a  low-power  C\V  bistatic  radar,  and  was  unable  to  determine  the  brightni'ss  distrilni- 
tion  across  the  surface.  The  shorto.st  wavelength  at  which  the  brightness  distribution  has  liecn 
measured  i.s  10cm  (Hugltcs  ).  Therefore,  there  is  a  consiiierable  interval  between  the  shortest 
wavelength  at  which  radar  observations  have  been  made  (anti  consequently  the  smallest  structure 
size  encounlcrctl)  and  the  largest  structure  sizes  examined  (perhaps  ~  10"  cm)  at  optical  wave- 
lengths  by  means  of  pltotomelric  observations.  Although  it  would  seem  doubtful  that  tliis  gap  in 
our  knowledge  will  ever  be  completely  removed  by  means  of  eartli-basetl  observations  -  in  view 
of  the  strong  atmospheric  absorption  at  these  intermediate  wavelengths  -  the  radio  observations 
can  be  coiuiucted  at  still  shorter  wavelengths  than  so  far  cmploye<l.  As  tlie  wavelength  is  reduced. 

*  To  the  best  knowledge  of  this  outhor. 
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i:,-;:!;:  '!i’  <  .I’n;'  I’.iii.s  tit'tiiiii.il  ( I 'lf.is;i:i;  c  >11 .  t ’;i  i  1  i;i )  u:  ;i;i'  i 'n  1  ii-i- ;  \',cs:  Ion!  I'oir,- 
1 : ,  lii  1  ;i  ;i  • ; '  111.-;  :i  1 .  1  liis  rijiiirl  ilisiviiii-s  iln-si-  nl'Sri'v.il  luiis  .i!u!  llii-;!’  ri  1  liu! ;  i 'll ,  iii'.iws 

(  |■l■^l;ll  I  "in  I'lsioMS  I  I'll'  I'l  lutii;  111'-  lunar  sur'ai'i-. 

II.  KQUIPMKNT 

A.  The  Antenna 

riif  raila r  1  am i ptiu-r  I  a !  ( 'a  1 1 1 1 '  I  ’a rk.'i  opi ’I'ati'S  at  a  I'laaiuciu' s'  n;’  S  1  aO  Mrp.u  ( i .  r , ,  app I’l in  i mat  c Iv 
’■.'■-I  til  wa\rli-iu'th)  and  rinplov:-;  a  nn-root-diaiiii'tiT  pa  ral'olnid  for  Imtli  t  ra  nsin  I'.l  i  nr  and  fri'i-iv- 
ini;.  At  tins  waV('li'n(4th  thr  I'cain  has  an  angular  diameter  of  I'.t  l  .  .A  linearlv  polari/ed  wa\e 
is  transmitted  and  rei-eived  hv  nsiim'  a  horn  a.s  the  primary  feed  with  a  Casseyrainian  oiitie.il  sys- 
tetn.  The  rotation  of  the  phine  of  polarization  iiitrcxhieed  by  the  faraday  effect  in  the  earth's 
ionosphere  is,  at  all  times,  h  ss  than  ;ind  e;tn  he  ijtnoreil. 

Tile  p;tr;dioloid  is  steered  in  ;e/imutli  and  elevtition  eithei  by  means  of  mat.ual  controls  or 
by  mea.ns  of  ;i  dit;ital  eleetronie  control  .system  wliose  input  is  a  pnnehi'd  paper  t;ipe.  The  tape 
specifies  the  rerpiired  [nisition  of  the  antenna  ;it  1-miiuite  intervals  and  the  rates  of  motion  to  be 
followed  lietweeii  tltese  intervals.  It  is  normally  prepared  in  studi  a  m;iimer  that  tlie  telescope 
will  never  be  called  upon  to  reverse  its  dii'eelion  of  motion  (over  sliort  intervals  of  time).  'I’luis. 
in  tjeneral,  the  ;ixis  of  the  leieseope  will  lajj  somewhtit  behind  the  true  iiosition  of  tlie  ei’iiter  of 
the  motin.  Tile  extent  ol  this  error  is  tietermined  bv  the  fiuanti/ation  of  tlie  levels  whieli  speeify 
tile  rates  of  ant'uhir  motion  and.  in  tlie  worst  ease,  ean  eaiisi  a  displacement  of  tiie  axis  of  the 
beam  and  ttie  renter  of  the  moon  of  one-tenth  beamwidth  (O.OM").  .Such  an  error  oeeiirs  only 
toward  the  end  of  a  t -minute  iiitervtii  wtien,  bv  oli:inee.  tlie  differenre  between  the  desired  and 
applied  rtites  of  motion  is  :\t  its  maximum. 

In  view  of  the  small  anmuhir  I'xtent  of  the  antenna  beam  ((l.td')  in  comparison  with  the  anf,Milar 
diameter  of  the  moon  lar(;e  eorreetions  for  the  effect  of  the  beam  must  be  applied  to  the 

I'esulls  in  order  to  determine  the  brit;htness  distribution  across  the  moon.  Tlie'i"  eorreetions 
will  be  discussed  fullv  later. 

B.  The  Tran.smittcr 

The  transmitter  employed  in  these  experiments  radiates  a  coherent  signal  obtained  by  fre- 
riueticv  multiplication  from  a  crystal  standard  (operatinK  at  a  fretiuency  in  the  vicinity  of  1  Mops). 
The  final  amplifier  is  a  klystron  which  has  a  nominal  output  of  25  kw  C\V,  although  in  these  ex¬ 
periments  the  peak  outinit  was  onl.y  12  kw.  The  klystron  amplifier  requires  a  drive  signal  of 
about  5  watts  whicli  is  obtained  from  a  traveling-wave-tube  device.  In  order  to  minimize  wavi'- 
guide  losses,  the  klystron  amplifier  is  mounted  in  a  room  directl.y  beneath  the  reflecting  surface 
of  tlie  parabola,  so  that  only  aliout  10  feet  of  waveguide  are  required  to  eonduet  the  transin itled 
energy  to  the  primary  fee<i.  The  feed  horn  pro.iccts  through  the  reflecting  surface  aiui  is  directed 
toward  the  secondary  mirror  which  i.s  .supported  by  a  tripod.  The  high-voltage  power  siqiply  for 
the  klvstron,  the  controls  for  the  latter,  the  water  cooling,  magnet  and  heater  supplies  are  all 
in  the  main  building;  hence,  a  large  number  of  cables  are  required  to  connect  the  klystron  to  its 
supplies. 
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'I  !i'  •  ;.1  .  itKii  ;•  nf  a  .  ,i:it  !:uin\is  wave  (.itui  ;!u';i  'airaialls'  aan;;:  la  t  iii 

li'.  'aiipa  ;a  '‘i*  la'iifSi  *  \p«  n'l  s  it  was  palsi- -ja.oiit:  la  t « a  i  a'  t  la  ■  taa  ara’ f  show  ti 

ill  I'l;'.  1.  A  111  A.  la  applitil  to  tin-  "  t  lai  t'.sai  it "  I'lltor;  this  raasos  Ih.o  iiltor  to  ri'.ia  aiui 

pio'l  .1  ■  a  a'i  iii.so;  I  la !  oatpii  whoso  ;  fiiiia-m-v  \afif.s  Inicafly  witli  Iiiiii'  hrtwaai.  .  i'  ;\ni!  '‘0  kr;is 
o\.  ;-  a  p.a'ao.i  o:  aloes'  ,  .  This  ’'i  hirp''  is  aiixoii  with  a  looal  osi  illator  a!  1  <  Mops  aiiil  tho  I'o- 
siiltiai;  Siiaial  passos  tliroaith  a  tiltor  ilosioaiai  to  tfiiiisiii  it  only  in  tlio  1  l.On-  to  1  i.i'ol-Mops  raiiito, 
Th'iis  tlio  til'  ih'iN'o  IS  piilsoil  <  >N  t'on  ;i  pofioii  of  iOOpsoi-  at  ;i  piilso  nopotitioa  fi'oi|iionoy  (pnf)  of 
-thops.  I'his  [>:■:'  is  ilorivoii  froia  tho  stiitioii  aiiistof  olook. 

C.  The'  Ri'PC'ivi'f 

'I'iio  ffoijuoiioy  to  whii  h  tho  foooivor  is  tuiiod  is  iiiaiiitaiiioti  i-x;u'tly  to  tho  I  i-ansia  ittof 

fi'oipioiiov  iiy  oaiployino,  tis  looal  osoilhitofs,  tlio  saino  ofystiil  osoillatofs  tluit  wofo  tisoil 
to  (loiivo  tho  triinsai  ittof  siLtntil.  This  af  faiiL;onioiit  is  shown  iit  I’'itt,  I.  A  ti;ivoliait-w;ivo  laasof 
is  oiniiloyod  as  fifst  stauo  in  tho  foooivof,  followod  by  a  oonvonlional  o fysltil -diodo  niixof  tind 
pfoamtihfior.  Tlio  ofl'oi  tivo  noiso  toinporatiifo  of  tlio  iiiasor-m i\of  sysloni  was  niotisiirod  .to  bo 
apiifo\iiaatoly  -lO  'K.  / 


Fig.  1  .  The  frequency  control  system  of  the  Comp  Porks 
(Project  West  Ford)  radar. 
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To  protect  the  maser  from  tite  stronc  algnal  put  out  by  the  transmitter,  a  combination  of 
switches  is  used.  The  first  switch  la  an  electromechanical  one  and  is  Indicated  in  Fi*.  t  as  the 
TR  box.  This  device  comprises  a  rotating  disk  which  penetrates  the  waveguide  between  two  J-db 
couplers.  The  disk  reflects  the  transmitter  into  a  matched  load  during  its  OFF  period  and  a 
hole  in  the  disk  connects  the  transmitter  to  the  antenna  during  the  ON  period.  The  same  disk  re¬ 
flects  the  antenna  power  into  the  receiver  arm  during  the  receive  period.  A  further  pair  of  J-db 
couplers,  together  with  a  second  disk,  is  placed  In  the  receiver  arm.  Both  disks  are  mounted 
on  the  same  shaft  and  this  is  driven  synchronously  at  20cp8  (the  prf).  This  second  (lalr  of  J-db 
couplers  and  disk  serves  to  connect  the  receiver  to  a  matched  load  during  transmit  periods,  and 
also  reflects  any  power  from  the  transmitter  which  has  leaked  through  the  first  disk  into  a 
matched  load.  A  large  slot  is  cut  in  the  second  disk  so  that  the  receiver  Is  connected  to  the  an¬ 
tenna  for  moat  of  the  time. 

The  second  switch  Is  a  conventional  ferrite  switch  that  operates  by  the  Faraday  rotation  of 
the  plane  of  polarization  of  the  w  we.  The  magnetic  field  for  the  switch  is  provided  by  a  solenoid 
which  is  turned  on  during  the  required  receive  period.  These  protective  devices  introduce  a 
large  amount  of  unwanted  attenuation  between  the  feed  horn  and  the  maser,  even  though  the  latter 
(like  the  transmitter  klystron)  Is  mounted  in  the  antenna  hut.  It  was  estimated  at  the  time  of 
these  observations  that  the  losses  in  the  waveflulde  raised  the  effective  receiver  temperature  by 
60°  to  a  total  of  100“K  The  sky  temperature  (together  with  "spill-over")  raised  the  over-all  sys¬ 
tem  temperature  to  120°  s  10°K.  Wlien  the  antenna  was  directed  toward  the  moon,  however,  the 
over-all  system  temperature  was  higher  by  at  least  another  100°K. 

There  arc  no  reliable  reports  of  any  variation  of  tlie  brightness  temperature  of  the  moon  with 
phase  at  this  wavelength.**  At  present  there  is  a  wide  variation  in  the  published  values  of  t)ie  lu¬ 
nar  lemporaiure,  but  it  would  appear  that  the  tempornture  is  of  the  order  of  245'  *  20‘K  (Hef.  II), 
Hence  it  is  eomducled  that,  when  the  antenna  is  directed  toward  the  center  of  the  moon,  t)ie  sys¬ 
tem  lemperulure  is  225’ t  20”K,  assuming  an  antenna  efficiency  of  50  per  cent. 

For  ati  echo  reflected  from  a  stationary  point  target,  the  output  of  the  last  mixer  stage  In 
the  receiver  will  be  a  signal  wliose  frequency  varies  linearly  from  60  to  90  keps  over  an  Interval 
of  100 usee.  A  target  which  is  extended  in  range  may  bo  considered  as  a  succession  of  point  tar¬ 
gets.  and  hence  gives  rise  to  a  complex  reflected  signal  which  is  a  superposition  of  many  indi¬ 
vidual  "chirps,"  The  received  "chirp"  is  opplied  to  a  "receive"  filter  whose  Impulse  response 
Is  approximately  the  Fourier  transform  of  ttiat  of  Ihe  "transmit"  filter.  The  "receive"  filter, 
therefore,  causes  delays  In  the  frequency  components  of  the  "chirp"  which  decrease  with  Increas¬ 
ing  frequency,  thereby  causing  the  00-kcps  component  to  be  delayed  the  most.  The  fiulse  is 
therefore  compressed,  and  the  output  of  the  filter  is  a  pulse  only  lOpsec  long.  The  over-all 
system  may  be  thought  of  as  a  JO-psec  pulsed  radar  that  has  an  equivalent  peak  power  ten  times 
that  actually  radiated.  In  practice,  small  amounts  of  power  arc  contained  In  subsidiary  30-psec 
pulses  that  precede  and  follow  the  main  one.  The  multipath  properties  of  the  moon  can  cause  these 
"si<lelobes"  to  interfere  with  the  main  pulse  from  a  given  range  and  degrade  the  performance  of 
the  radar.  In  this  instance,  all  the  "sidelobes"  are  about  20 db  weaker  than  the  main  pulse  and 
their  presence  ha.s  been  neglected  in  thi.s  report.  Finally,  a  linear  (voltage)  detector  is  em¬ 
ployed  at  tile  output  of  the  "receive"  filter  and  the  detected  signal  is  i)Oth  displayed  and  fed  to 
.nn  nmplitiulo-vs-rangi'  integration  .system. 
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The  design,  construction  and  operation  of  the  radar  equipment  described  above  was  under¬ 
taken  principally  for  Project  West  Ford,  and  at  no  time  did  this  author  contribute  in  any  way  to 
thia  effort. 


D.  Th«  Integrator 

Radar  aignala  reflected  from  the  moon  are  subject  to  deep  fading  as  a  consequence  of  the 
interference  between  the  signals  reflected  from  many  Independent  acatterlng  centers  on  tiie  sur¬ 
face.  The  frequency  of  the  fading  ia  a  function  of  (1)  the  apparent  rate  of  Ubratlon  of  the  moon, 
(i)  the  radar  wavelength  and  (1)  range  measured  from  the  leading  edge  of  the  moon.  At  a  fre¬ 
quency  of  8000  Mepa  the  fading  ia  quite  rapid,  having  a  quasi-period  of  the  order  of  0.1  second. 

In  order  to  make  precise  measurements  of  the  echo  power  os  a  function  of  range,  it  is  nec¬ 
essary  to  average  over  many  sweeps  of  the  radar  time  base.  This  was  accomplished  in  an  sn- 
alogue  integrating  system  which  employs  a  total  of  3t>  Integrators,  each  identical  to  that  shown 
in  Fig.  2.  Rach  integrator  is  formed  by  a  resistor  R,  a  condenser  C  and  a  "chopper-stabilised" 
DC  amplifier  which  Jointly  form  a  Miller  circuit.  The  DC  amplifier  has  a  gain  of  approximately 

fl 

10  and  is  carefully  constructed  so  that,  when  used  in  conjunction  with  a  low-leakage  mylar  con¬ 
denser  (C),  a  self-time-constant  of  the  order  of  several  hours  is  achieved.  Since  the  integration 
was  never  continued  for  periods  greater  thon  10  minutos,  it  is  believed  that  the  largest  errors 
in  the  summation  process  arose  from  "d.'lfls"  rather  than  from  lookage  of  stored  energy. 
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Ftg.  2.  The  postdetoctor  Intagrator  circuit. 


The  signal  to  each  Miller  integrator  la  gated  through  a  switch  formed  by  four  diodes  in  a 
bridge  circuit  (Fig.  i).  The  diodes  are  normally  conducting  because  a  OO-volt  supply  Is  applied 
to  opposite  ends  of  the  bridge.  This  causes  the  input  and  output  points  of  the  bridge  to  be  con¬ 
nected  through  the  equivalent  resistance  of  a  single  diode  (-  200  ohms).  This  resistance  is  small 
compared  with  R.  During  the  time  that  the  "switch"  is  closed,  the  output  voltage  e^  will  in¬ 
crease  according  to 
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whore  Cj  1*  the  input  voltage  appUc;d  to  the  bridge.  The  awitch  will  be  opened  when  the  flip-Hop 
shown  in  Fig.  £  changes  to  a  state  that  causes  the  S82G  diodes  to  conduct.  In  this  case  the  re- 

Q 

sistance  between  the  input  and  output  points  is  approximately  10  ohms.  A  1000-ohm  resistor 
at  the  output  of  the  bridge  now  effectively  grounds  the  input  to  the  Miller  integrator,  causing  its 
output  to  remain  constant. 

Error  voltages  occur  as  a  result  of  DC  potentials  or  drifts.  The  three  main  sourcos  of  these 
drifts  are  described  in  the  following  subsections. 

1,  DC  Amplifier  Drifts 

The  DC  amplifiers  arc  provided  with  lialancing  potentiometers,  and  these  were  normally 
adjusted  to  cause  to  change  at  a  rate  of  less  tlian  1  mv/sec  when  the  input  to  the  Integrator 
is  grounded  and  R  is  reduced  to  10,000 ohms.  Thus,  In  normal  operation,  the  unbalance  in  the 
DC  ampliriers  might  be  expected  to  cause  a  drift  of  iOpv/sec,  or  a  total  drift  of  not  more  than 
6mv  in  a  5-mlnute  period  of  integration.  This  could  be  reduced  by  increasing  RC.  but  then  e^ 
would  decrease  by  the  same  amount  and  the  signal-to-drlft  ratio  would  not  be  improved. 

2.  DC  Unbalance  of  the  Bridge  When  Conducting 

The  60 -volt  power  supply  which  couses  the  bridge  to  conduct  is  "floating"  with  respect  to 
ground  and,  in  the  absence  of  a  signal,  the  output  of  the  bridge  should  be  ut  ground  potential. 
However,  if  the  forward  voltage  drop  across  each  diode  in  the  bridge  is  not  the  same,  the  input 
and  output  potentials  of  the  bridge  will  be  different.  Hence,  if  the  input  potential  is  at  ground 
(via  the  output  impedance  of  an  amplifier),  the  output  potential  cannot  bo  at  ground,  and  an  error 
signal  will  appear  which  will  cause  the  integrator  to  drift.  This  problem  whs  largely  overcome 
by  nmtchlng  the  diodes  into  groups  of  four  which  all  exhibit  approx Intntely  the  same  forward 
voltage  drop.  However,  DC  error  voltages  of  the  order  of  *  2  mv  still  remain.  ’I'hese  can  be 
neglected  if  the  rms  signal  is  very  largo.  Unfortunately  the  pej^k  signal  is  limited  to  nbout 
4  volts  by  the  voltage  applied  by  the  flip-flop  to  the  ,S82G  diodes.  Hence,  for  a  narrow -band 
(iausslan  noise  input,  an  rms  signal  of  <0.5  volt  is  the  most  that  can  be  applied,  and  errors  of 
the  order  of  approximately  0.5  per  cent  cun  arise  from  the  DC  unimlanees  in  the  switches. 

.1.  DC  Unbalance  of  the  Bridge  When  Nonconducting 

When  the  gate  is  switched  off,  the  potential  ol  the  o\itput  of  the  bridge  may  Dgnin  differ  from 
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ground  because  the  liuc  k  impedance  of  the  diodes,  though  very  large  (~  10  ohms),  may  be  very 
unequal,  in  pnrticulor,  when  the  integrator  is  used  to  examine  short-range  Intervals  (say  lOpsec) 
at  a  prf  of  20cp8,  the  switch  spends  5000  tbnes  longer  in  the  OPEN  than  in  the  C'1/>SED  position; 
hence,  the  DC  offsets  when  OPEN  must  be  correspondingly  smaller  to  cause  only  about  the  same 
drift.  This  is  achieved  by  grounding  the  output  of  the  bridge  via  a  1000-ohm  resistor.  A  lower 
value  would  be  desirable,  hut  the  forward  impedances  of  the  bridges  when  conducting  are  not  all 
identical,  and  hence  the  signal  is  attenuated  by  different  amounts.  With  the  present  arrangement 
(1000-ohm  resistors),  this  effect  may  introduce  errors  of  the  order  of  *0.1  per  cent.  I.arger 
I'rrorH  than  this  could  not  be  tolerated. 

The  rms  drift  of  the  tfc  integrators  experienced  in  a  5-minute  run  is  of  the  order  of  *  12  mv 
ami,  in  practice,  the  integrators  drift  in  much  the  same  fashion  from  run  to  run.  The  signal 
voltage  c^  IS  directly  proportional  to  the  width  of  the  range  gate.  For  the  experiments  reported 
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here,  a  minimum  width  of  20(i9ec  wa*  employed,  for  which  waa  typically  60mv.  Thua  the 
drifts  are.  at  worst,  of  the  order  of  *20  per  rent.  By  repeating  the  itUegration  with  no  signal 
Bf^lied  and  subtracting  the  observed  drifts,  the  uncertainty  In  la  reduced  to  approximately 
*  2  per  cent.  For  wider  gate  widths  the  error  is  correspondingly  reduced,  and  is  approximately 
0.2  per  cent  for  200-M*ec  range  intervals. 

The  flip-flops  shown  in  Fig.  2  are  connected  to  form  a  36-atsge  shift-register  delay  line  as 
shown  in  Fig,  1.  This  delay  line  is  programmed  to  open  and  close  the  diode  switches  in  sequence 
for  equal  intervals  of  time,  thus  causing  the  integrators  to  sum  the  energy  corresponding  to  dif¬ 
ferent  range  Intervals  along  the  time  base.  The  digital  equipment  shown  in  Fig.  3  slso  enables 
fixed  rates  of  range  drift  to  be  incorporated  to  match  the  motion  of  the  echo  along  the  time  base 
(caused  chiefly  by  the  rotation  of  the  earth).  Fine  adjustment  of  the  position  of  the  echo  relative 
to  that  of  the  gate  is  provided  by  the  delayed  sweep  controls  of  an  oscUlascope. 

The  output  voltages  ore  sampled  in  turn  by  a  stepping  switch,  and  then  measured  by  a 
digital  voltmeter.  At\  electromechanical  printer  connected  to  the  voltmeter  prints  the  value  of 
these  voltages  on  a  paper  chart  in  the  form  of  a  list.  The  parameters  of  all  the  equipment  arc 
suinmarlxed  in  Table  I. 


Fig.  3.  IntegrotiM  digifol  control  lyttem. 
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TABLE  I 

SUMMARY  OF  EQUIPMENT  PARAMETERS 


Pf«qu«ncy 

BSSOMept 

Anivnna 

60-foet  poroboleld  with  Coutgralnlon 

Food  orrangamont 

AnMnnq  gain  • 

6U  1  db 

Effaetiva  onlanna  apartwr* 

ISO  *■  10  melon^ 

Poak  Iranimlttad  peviwr 

12  0  1/2  kw 

Pull*  longlh 

300  (Hoe 

Pull#  comprauton  ratio 

lOil 

Ovar-all  iMtom  tomparaluia 
(whan  pofntod  at  tha  moon) 

225*0  20*K 

Rocolver  bondwldth 

~30  kept  (I.e.,  motehod  to  o  30*utae 
pulta) 

Overtoil  faador  lottot 

I.5o0.2db 

VIdoo  Intogrotlon 

Ganorolty  18  to  20  db 

m.  THE  0MBRVATI0N8  AND  THEIR  RBDUCTKW 


A.  IntrodueUon 

IUdto-«cho  <^erv«tloM  of  th«  moon  «re  frequently  made  with  the  Camp  Parka  (Project 
West  Ford)  radar  ayatem,  and  the  only  apecial  feature  about  the  obaervatlona  reported  here  la 
that  the  retuma  were  Intefrated  by  ualnf  the  equipment  deacrlbed  In  Sec.  II-D,  Obaervatlona 
were  made  on  6-  9  and  It  September  19bl.  For  the  moat  (»rt,  the  tracking  of  the  moon  waa  per* 
formed  by  the  digital  control  nyatem,  although  on  aome  oecaalona  manual  tracking  waa  attempted. 


Fig.  4.  The  radar  angular  power  ipeetrum 


The  object  of  the  experiment  waa  to  determine  the  function  F(t)  Which  describes  how  the 
echo  power  varies  os  a  function  of  range  delay  measured  from  the  leading  edge  of  the  moon. 
Rocouse  0  given  range  delay  t  defines  an  annulus  on  the  moon's  surface,  which  la  also  defined 
by  the  angle  (p  between  the  ray  path  and  the  normal  to  the  surface,  the  function  P(t)  can  be  trans¬ 
formed  into  a  curve  of  reflected  power  vs  the  angle  of  incidence  y).  This  function  P(y>),  we  shall 
call  the  target  angvilor  power  spectrum.  If  it  Is  assumed  tliat  the  surface  has  the  some  kind  of 
motertala  ond  the  same  kind  of  roughness  everywhere,  then  the  target  angiilor  power  spectrum 
P(yi)  can  be  regarded  os  the  polar  diagram  (for  backscatterlng)  of  ony  element  on  the  surface. 
This  Is  shown  In  Fig.  4  and  the  transformation  from  P(t)  to  P(^)  is  simply  a  property  of  a  spher¬ 
ical  target  which  has  been  recognised  by  many  workers  (sec  Qroen*^).  There  are  other  methods 

by  which  the  target  angular  power  spectrum  P(i^)  may  be  determined,  and  these  have  been  de¬ 
ll  14 

scribed  elsewhere.  '  The  most  impressive  demonstration  of  the  simplicity  of  the  method  out¬ 
lined  above  has  been  provided  by  the  work  of  Pettengill*^  who  used  a  wavelength  of  68cm. 

B.  Metlwd 

In  view  of  the  narrow  antenna  beam  employed  in  the  experiment,  It  is  evident  that  the  func¬ 
tion  P(t)  observed  when  the  antenna  Is  directed  at  the  center  of  the  moon  will  be  the  convolution 
of  the  true  function  for  P(t)  (l.e..  the  one  that  would  be  observed  with  a  wide  beam)  with  the  an¬ 
tenna  beam  pattern.  As  a  consequence  of  this,  echoes  could  not  be  distinguished  beyond  a  delay 
of  2  msec  measured  from  the  leading  edge  of  the  moon,  although  the  full  radar  depth  of  the  moon 
la  it. 6  msec.  Thus  obaervations  were  also  taken  with  the  antenna  beam  directed  away  from  the 
center  of  the  moon,  in  order  to  observe  echoes  at  greater  ranges.  The  Influence  of  the  antenna 
pattern  la  different  for  each  position  of  the  beam,  and  hence  the  reduction  of  each  set  of  observa¬ 
tions  will  be  discussed  separately. 


Considerable  effort  was  made  to  obtain  a  truly  linear  detector  law.  In  theory  a  square-law 
detector  should  have  been  employed,  since  the  required  runotion  P(t)  Is  the  nvernge  rf  the  sums 
of  the  powers  reflected  from  different  ranges,  l.e., 

P(t)<r  +P  +p  +...  +P  .  (2) 

*1  *2  *3  *1 

where  I  represents  the  i'^  sweep  of  the  time  base  and  t  is  the  range  of  Interest.  Unfortunately 
the  dynamic  range  of  the  diode  gate  switches  is  small  (0  to  4  volts)  and,  because  the  rms  signal 
must  be  substantially  larger  than  the  unwanted  DC  offsets  introduced  by  the  switehcB  (.'tec.  11 -D), 
a  linear  detector  Is  preferable  to  a  aquare-law  detector.  Thus  the  voltages  measured  uii  the  con¬ 
densers  represent  the  average  amplitude  A{1)  of  the  echoes  (and  noise), 

Alt)  «  y  A  +  A  +  A  +  . . .  +  A,  .  (1) 

M  ‘2  *3  U 

The  echo  amplitudes  are  known  to  have  a  Rayleigh  distribution*'*^  and  hence  the  echoes  at 
any  given  delay  resemble  narrow -band  Gaussian  noise,  It  may  be  shown  that,  if  such  a  signal 
having  a  standord  deviation  la  applied  to  different  detectors,  the  average  output  will  bc*^ 


Half-wnve  linear  detector  , 

W 

Full -wave  square -law  detector  P  =  ia^ 

(5) 

A  full-wave  llncnr  detector  was  employed  in  these  observations  and  transmitted  twice  as  much 
power  us  the  half-wave  detector.  Ilonco  we  have 

KuU-wavc  linear  doloctor  A  =  s/it  (6) 

Thus  we  see  tlint  -  iiP/2  and  that,  by  squaring  the  average  amplitude  observed,  the  mean 
power  may  be  obtuineil.  The  factor  ii/2  disappeurs  In  tlie  nnnlysis  because  only  ratios  of  signal 
and  noise  powers  are  employed.  Nest  we  must  consider  the  effect  of  the  presence  of  the  noise 
power.  If  the  signal  lias  (In  the  absence  of  noise)  a  standord  deviation  and  t)ie  noise  (In  the 
absence  of  signal)  is  (Tj>),  the  observed  standard  deviation  at  the  output  of  a  linear  detector  will 
he  proportional  to  Ja^  +  because  the  signal  and  noise  [lowers  add  before  detection.  It  follows 
tliiil,  by  squaring  (he  average  amplitude  observed  for  signal  and  noise  and  subtracting  the  mean 
square  amplitude  of  the  noise  alone,  the  meaii  echo  power  can  be  obtained.  This  procedure  was 
followed  In  the  reduction  of  the  data.  In  practice  it  was  not  necessary  to  repeat  the  Integration 
[iroeoss  with  noise  alone  since  there  were  always  certain  integrators  which  hud  summed  only 
noise,  and  these  could  he  averaged  lu  determine 

The  actual  detector  employed  was  llncnr  for  rms  Input  voltages  over  the  range  1  to  30 mv, 
l.e.,  over  a  range  of  23  db.  The  peak  slgnal-to-nolsc  ratio  was  considerably  In  excess  of  this 
and  hence  observations  were  made  with  different  levels  of  the  signal  into  the  detector  to  over¬ 
come  thi.s  limited  dynamic  range.  At  high  signal  levels  the  gales  closest  to  the  peak  of  the  echo 
would  saturate,  and  their  readings  were  ignored  in  the  8ubsci|uent  analysis. 

C.  Observations  of  the  Central  Region 

Many  measurements  were  made  while  tracking  the  center  of  the  moon.  The  pro(  edure  gen¬ 
erally  adopted  consisted  of  adjusting  counter  C  (Fig.  3)  to  place  the  echo  within  the  region  covered 
l>y  the  gates,  ami  then  adjusting  counter  D  to  cause  the  gate.s  to  track  the  echo  in  range.  Small 
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BddUlo»al  adjustment*  CQuld  be  made  by  using  the  delayed  sweep  controls  of  the  oscilloscope. 
Since  ephemerides  were  not  available  to  provide  values  for  the  rate  of  change  in  range,  the  ad¬ 
justment  of  counter  D  could  be  accomplished  only  by  trial  and  error.  The  baslc^tlming  of  the 
digital  circuits  shown  in  Fig.  1  is  100  keps;  hence,  the  range  tracking  is  accomplished  by  a  se- 
rloa  of  10-uaec  "jumps."  Accordingly  the  narrowest -range  gate  widths  were  employed  only  when 
the  rate  of  range  change  was  near  aero  (l.e.,  close  to  meridian  transit).  The  motion  of  the  moon 
relative  to  the  earth  was  very  close  to  its  minimum  value  on  8  September  1961,  and  hence  two 
10 -minute  runs  were  made  -  one  before  and  one  after  meridian  transit  -  to  obtain  the  distribution 
of  echo  power  near  the  leading  edge  of  the  moon.*  A  similar  pair  of  runs  was  made  on  11  Sep¬ 
tember,  but  on  this  occasion  the  antenna  was  steered  manually  (using  a  table  of  prediction  po¬ 
sitions)  and  the  over-all  tracking  accuracy  was  Inferior  to  that  provided  by  the  digital  control 
system.  These  two  sets  of  data  are  shown  in  Fig.  S.  It  can  be  seen  that  the  peak  observed  on 
11  September  is  distinctly  more  rounded  than  that  observed  on  8  September.  This  is  attributed 
to  the  less  accurate  positioning  of  the  antenna  on  that  day,  and  all  data  taken  with  the  antenna 
under  manual  control  have  been  discarded.  The  convolution  of  the  transmitter  pulse  (Fig.  6)  with 
a  step  fuiietloii  is  also  Shown  in  Fig.  9.  it  can  be  soon  that  the  observed  echo  rises  almost  as 
fast  as  the  step  function,  in  view  of  the  fact  that  the  leading  edge  of  the  moon  probably  ham  an 
infinite  Impulao  response  resembling  a  step  followed  Immodlotely  by  an  exponential  decay,  good 
ogreoment  between  tlie  two  sets  of  points  cannot  be  expected.  Nevertheless  the  results  indicate 
ttmt,  to  the  aocurocy  of  these  measurements  (~  *  lOjisuc),  the  infinite  impulse  response  of  the 
Icodlng  edge  of  the  moon  Is  Indisttng^itsiuible  from  a  step. 

The  results  shown  for  8  September  in  Fig.  9  have  been  combined  with  other  data  obtained  at 
two  different  signal  levels,  and  gate  widths  of  100 nsec  In  Fig.  7.  No  echoes  con  be  seen  beyond 
insec  from  ttio  leading  edge  of  the  moon.  'I^c  maximum  nieoti  signal -to-nolse  roilo  observed 
at  the  leading  edge  of  the  echo  Is  +26 db,  and  the  signal -to-nolse  ratio  is  down  lo  about  +3  ilb  at 
ig  t-msee  range,  Tlic  full-line  curve  of  Fig.  7  has  been  drawn  in  by  eye.  'I'hc  useful  bandwidth 

of  the  Project  West  Ford  communications  ciiulpmcnl,  using  the  moon  as  a  reflector,  la  deter- 

1  st 

mined  by  the  square  of  the  Fourier  cosine  iransform  of  this  function. 

In  order  to  correct  the  results  shown  in  Fig.  7  for  the  effeets  of  the  antenna  poltorn,  a  eon- 
tour  diagram  of  the  radiation  pattern  was  obtained  from  Mr.  1,.  Niro  of  Group  315,  and  this  is 
sliown  In  Fig.  8.  Mr.  Niro  obtained  this  iinttern  l)y  moking  measurements  of  the  signola  radiated 
t)y  a  ti'Sl  tl'ansmit.ter  which  was  placed  some  distance  (on  Mount  Diablo)  from  the  antenna  for  this 
inifponc.  Such  u  Irnnsmitler  provides  a  convenient  stntlonor^ target  of  high  signal  intensity. 
However,  the  effects  of  ground  reflections  may  be  serious,  and  the  pattern  observed  when  the 
nntimna  Is  close  to  0"  elevation  may  be  considerably  different  from  what  It  Is  ot  higher  elevations, 
liecnuse  of  the  ehangmg  gravitational  load  on  the  structure.  Thus  the  pattern  shown  in  Fig.  8  moy 
not  riqircscnl  iiie  true  pattern  experienced  in  these  observations,  but  so  far  radio-star  observa- 
tions  h.avc  not  been  made  with  sufficient  precision  to  check  Fig.  8  in  great  detail. 

An  "aviTage"  pelar  diagfam  w.ns  olitaine<l  from  Fig.  8  in  two  ways.  In  the  fir.st  method,  pol.ir 
diagrams  were  drawn  for  the  projeetions  a-n'.  b-li',  c-e'  and  d-d'.  These  are  .shown  in  Fig.  9(n-b). 

*  During  o  lO-minute  Interval  before  or  offer  transit,  the  eorth's  motion  will  Introduce  o  range  change  of  the 
order  of  3  psec . 

t  The  effective  ilnglo-chonnel  bandwidth  of  the  Project  West  Ford  Communicotlons  System  is  discussed  in 
Apperdl*  A 
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Fig.  2.  Echo  powar  vi  rang#  daloy  maoiurad  at  20-pae  Intarvali  on  B  and  1 1  Septamber 
1961  (obsarvotlont  moda  et  3.6-em  wovelangth).  Alio  shown  tithe  convolution  of  a  itap 
function  with  the  pulia  roiponni  of  the  aqulpmant  (Fig. 6). 
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Fig.  i.  Th«  puli*  raiponia  of  iho  oqulpmont.  Thli  diagram  ropraiantt  tht  output 
of  th«  raeolvif  Intaarottd  ovor  10*piac  doloy  Intorvoli,  whan  tht  tronimlttor  pulio 
(lultobly  ottanuota^  woi  Introdueto  Into  tho  rteolvor. 


13 


Fig.  7.  Th«  echo  power  os  o  function  of  range  delay  obierved  (ot  3.6>cm  wavelength) 
when  the  antenna  wai  directed  at  the  center  of  the  moon.  The  crouet  repreient  the 
curve  of  echo  power  vi  delay  obtained  when  the  line  through  the  experimental  polnti 
ti  corrected  for  the  effect  of  the  antenna  (Fig.  13). 
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Fig.  8.  The  antenna  centaur  diagram  ef  the  Camp  Parki  antenna.  The  Intenilty 
contourt  In  thli  diagram  are  In  3>db  Inlervolt  and  Indicate  the  monner  In  which 
the  tranvnitter  power  It  dlitrlbvted  ocroti  the  moon'i  dlik. 
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In  all  casog  the  half-power  bandwidth  is  close  to  Its  theoretical  value  of  0.14',  but  the  behavior 
of  the  patterns  beyond  this  point  differs  considerably.  An  "averase"  pattern  was  next  constructed 
by  taking  the  mean  of  all  the  curves  of  Fig.  9(B-b).  This  Is  shown  us  the  broken  line  of  Fig.  10. 

The  alternative  method  was  to  measure  the  area  (in  square  degrees)  Inside  each  of  the  intensity 
contour  lines  of  Fig.  8  by  planimeter  and  to  equate  this  to  the  area  of  an  equivalent  disk  In  order 
to  find  the  mean  radius  of  the  beam  at  this  point.  This  method  gave  the  full  line  of  Fig.  10.  The 
two  curves  agree  well  out  to  0.10*  and  then  differ,  because  the  first  method  underestimates  the 
Importance  of  the  large  sldelobe  below  the  main  beam  shown  in  Fig.  8.  It  was  decided  to  adopt 
the  full-line  curve  (In  view  of  some  evidence  presented  later)  but  not  to  attempt  corrections  be¬ 
yond  a  0,125*  subtended  angle,  Because,  in  radar  observations,  the  ontenna  pattern  controls 
both  the  transmission  and  reception  of  the  energy,  the  correction  factors  arc  the  square  of  those 
shown  in  Fig.  10.  The  response  curve  finally  adopted  is  shown  in  Fig.  11.  This  figure  was  then 
transformed  Into  a  diagram  of  the  antenna  correction  as  a  function  of  range  delay  (Fig,  12)  by 
means  of  a  diagram  which  shows  the  iutlf-angle  subtended  at  the  earth  by  annuli  at  different  de¬ 
lays  on  the  moon  (Fig.  13).  As  can  be  seen  In  Fig.  12,  the  antenna  eorreottona  become  very  large 
(20  db)  lit  a  delay  of  only  1,5  msec.  Hence  the  results  (shown  in  Fig.  7)  wore  corrected  only  out 
to  this  value.  The  corrected  points  were  expected  to  show  a  monotonlc  decrease  in  power  us  a 
function  of  delay,  and  not  increase,  after  a  certain  point  as  those  shown  in  Fig.  7,  It  Is  presumed 
that  the  antenna  corrections  for  n  delay  greater  than  1  msec  (0.10'  subtended  angle)  are  unrulinble 
and  hence  the  points  beyond  this  value  shown  In  Fig.  7  were  subsequently  ignored. 

• 

D.  Obsorvatlona  at  One  Beamwtdtii  Off-Center 

The  angle  subtended  by  the  lunar  radius  is  approximately  equal  to  two  anteimn  beumwldlhs. 
Measurements  were  therefore  made  with  the  antenna  directed  off-center  by  one  beumwldth(0,14°). 
Precise  movement  of  Uio  nnlcnnn  relative  to  n  median  tracking  path  {provided  l>y  the  digital  eon- 
trol  system)  was  permitted  by  means  of  manual  controls.  With  the  old  of  tliese  controls  tlie  an¬ 
tenna  was  dlroeied  0.14'  off  In  ostmuth  (right  and  left)  and  then  in  elevation  (high  and  low),  Five 
minutes'  integration  was  performed  In  all  four  positionH,  using  SOO-psec-widc  range  gates,  Home 
of  the  positions  wore  repeated  to  ensure  consistent  results.  In  all  four  positions  of  the  nntenno, 
the  echo  amplitude  was  reduced  to  a  maximum  moon  amplitude  of  about  46  db,  which  occurred 
at  a  delay  of  2mscr.  Thqsc  observotions  are  shown  in  Figs.  14  and  15.  Figure  14  shows  that 
the  results  for  the  two  azimuth  offset  positions  agree  quite  well  over  the  2.D-  to  7 -msec  range, 
but  not  in  the  0-  to  2.5-m8cc  region.  Thus  it  appears  that  this  delay  interval  (0  to  2.5msec)  is 
illuminated  largely  by  the  sidelobes  which  ore  not  symmetrical.  Similarly  the  presence  of  the 
marked  elevation  sidelobes  (Fig.  8)  can  be  recognized  by  the  strong  echoes  over  the  0-  to  2.5-iTi8ec 
range  in  Fig.  15,  as  distinct  from  Fig.  14.  It  was  on  this  evidence  that  the  full  tine  of  Fig.  10  was 
selected  In  preference  to  the  broken  one  (Sec.  Ill -C).  It  Is  further  believed  that  any  di.Terenccs 
in  the  echo  intensities  observed  in  these  four  positions  of  the  antenna  are  attributable  to  the  asym¬ 
metry  of  the  radiation  pattern,  rather  than  to  distinct  differences  in  the  scattering  behavior  of 
the  moon.  Because  of  the  absence  of  strong  sidelobes  along  tiie  azimuth  axis  (Fig.  8),  the  data 
presented  in  Fig,  15  were  chosen  for  analysis.  An  antenna  correction  curve  was  obtained  in  the 
following  way.  A  Hiagi'am  was  prepared  which  showed  the  range  delay  contours  of  the  moon  to 
scale  (Fig.  16).  A  set  of  intensity  rontoiirs.  representing  the  idealized  two-way  antenna  pattern 
(Fig.  12),  was  .superimposed  on  the  range  delay  contours.  The  intensity  along  each  arc  of  a  given 
delay  contour  is  thus  shown  in  Fig.  16,  and  the  average  intensit^along  a  given  contour  is  easily 
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Pig.  10.  The  "avorogo"  dlrecilonol  dlogrem  for  )he  Como  Parki  nntonne 
obtained  from  (o)  a  moon  of  thocurvoi  ihown  In  Pig.  9(a-b)  (dotted  curve) 
end  (b)  from  plonlmetot  meoiurementi  of  Iho  area  Inilde  each  of  the  con* 
tour  llnei  ihown  In  fig.  8  (full*IIno  curve). 
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Fig.  1 1 .  Thddlrectlcnat  diagram  for  rodor 
obtorvotloni  adopted  for  the  ^omp  Farkt 
ontonna. 
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Fig.  12.  The  antenna  correction 
foctor  ihown  In  Fig.  II  li  plotted 
hero  at  a  function  of  ronge  delay. 
The  converilon  of  coordinates  wat 
performed  by  using  Fig.  13. 
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Fig.  13.  Tho  angle  lublonded  at  the  earth  between  the  center  of  the  moon 
and  another  point  on  the  moen't  lurface  at  o  known  radar  deloy  time  from 
the  center.  (Thli  diagram  woi  drown  for  1 1  September  1961  when  the  hall* 
angle  tubtended  by  the  moon'i  dl*k  wqi  0. 248*,) 


Fig.  14.  Echo  Intenilty  with  antenna  offMt 
In  azimuth  by  one  beamwidth. 


^0 


Fig.  16.  Thitdiogroni  tliowi.  In  plan  form,  the  interiection  of  the  rongedelay  contouri  and  the  ideal!  zed  antenna 
contour  diagram  when  the  ontenno  wotdirected  one  beomwidth  (0. 14”)  from  the  center  of  the  moon.  Becouie  the 
echo  intensity  it  proportional  to  theprpjected  oreo  of  the  lurfoce  intide  each  contour  line,  it  1$  pottible  to  com¬ 
pute  o  new  antenna  correction  diagram  (Fig.  17). 
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Fig.  18.  Th«  cofrected  valuM  fnr  the  echo  intentity  (relative  to  2ero  delay) 
as  a  function  of  range  delay  obtained  from  the  results  shown  In  Fig.  14. 


abtainod  by  measuring  the  angle  subtended  by  each  arc  at  the  center  of  the  moon,  weighting  the 
angles  according  to  the  Intensity  contour  In  which  they  lie,  and  then  summing.  The  antenna  cor¬ 
rection  diagram  obtained  in  this  way  is  shown  in  Fig,  17  and  the  results  of  Fig.  14  when  corrected 
are  shown  in  Fla.  18, 

E.  Observations  at  One-and-a-Half  Beamwidths  Off-Center 

When  the  beam  was  displaced  by  about  one-and-a-half  beamwidths,  the  axis  oi  the  beam  was 
directed  toward  the  limb  of  the  moon.  It  was  hoped  that  such  a  displacement  would  enable  echoes 
up  lo  11,6  msec  in  range  to  be  obtained.  In  the  same  manner  as  described  in  the  preceding  section, 
observations  were  made  in  all  four  quadrants,  but  this  time  with  a  displacement  of  0.2.2°,  Again 
the  data  obtained  for  azimuth  displacements  were  chosen  for  analysis.  These  arc  shown  in  Fig.  19 
where  it  can  be  seen  that  the  maximum  mean  echo  amplitude  is  now  only  ~0db,  Good  agreement 
between  the  two  sots  of  points  exists  over  the  S-  to  9.B-ni8ec  range. 

A  new  antenna  correction  diagram  (Fig.  20)  was  prepared  in  the  manner  outlined  above,  using 
the  plane  projection  of  the  range  and  Intensity  contours  shown  in  Fig.  21.  The  corrected  values 
for  power  as  u  function  of  delay  are  shown  in  Fig.  22, 

IV.  TOTAL  REFLECTED  POWER 

The  roHults  for  the  different  time-delay  intervals  given  in  Figs.  5,  18  and  22  have  been  com¬ 
bined  on  u  log-power  vs  log -delay  plot  In  Fig.  23,  and  a  smooth  curve  drawn  through  the  points. 
When  this  smootli  curve  is  replolted  against  a  linear  range-delay  axis.  Pig.  24  Is  obtained.  Tlie 

SB 

figure  also  shows  the  function  for  l’(t)  observed  by  Fettonglll  with  n  wnvelongili  of  68 cm  and 
n  pulse  U'ligth  of  65 usee.  Despite  the  olivious  slmllurlty  between  curves,  it  is  Imniedistely  np- 
piirenl  tluit  the  "hrlglii  spot"  at  the  center  of  the  moon  is  li'ss  bright  at  3,6  than  at  68 cm. 

l’<'ttei\Klll  reports  that  the  integrated  power  under  the  curve  for  P|l)  observed  at  68 cm  yields 
u  loiul  cross  section  for  the  moon  close  to  O.OTlirti  ,  where  its  Is  the  cross  secitlon  of  the  pro- 
Jectctl  disk,  'I’he  value  0.0V4irn  is  that  obtained  by  l‘’riekor,  d  oJ.,  from  n  series  of  careful 
inousurements  made  with  a  CW  rador  at  a  wovelengtit  of  73  cm.  It  Is  also  close  to  the  mean  value 
(0,08t«a^)  of  all  the  long  pulse  or  CW  measurements  made  in  the  wavelength  range  3,0  meters 
to  33  cm  (Hof,  2), 

We  may  therefore  lake  Pettenglll's  meosuremeiits  us  representotive  of  the  meter  wavelength 
olmerv'jtlons  in  order  to  comporo  the  results  presented  here.  The  relative  performance  of  the 
two  radar  systems  Is  shown  in  Table  II  and  a  comparison  of  the  echo  intensities  is  given  in 
Tabli-  III. 

'I’lie  iiiicertaintv  ii\  tile  over-all  performance  of  the  C’uinp  Parks  radar  due  to  imperfect 
Knowlcilgf  of  the  e(iuipinent  parametiM's  is  about  *  2  db.  There  is  a  similar  unccrlulnty  in  the 
pcrfornianec  of  llic  Millstone  Hill  ra<lnr.  .anti  thu.s  a  comparison  of  tlielr  relolivc  performances 
i.M  .milijeet  to  an  iineertninty  of  at'oot  t  tdl>.  Thus  ’I’al)le  II  shows  that  the  Camp  Parks  radar  sys- 
letn  is  ~ 't  1  i  (II)  II. ore  sensitive  than  the  Milhstone  Hill  system.  Despite  this,  the  echo  inten¬ 
sities  otjserveil  at  ^-insee  delay  imlii-ate  that  the  echoes  ut  68  cm  were  2  illi  stronger  Hian  tliose 
at  t.eein  (Tal)le  HI),  whereas  the  ei  hoes  from  the  leading  edge  of  the  moon  differ  by  about  lOdh 
Tiii.s  difference  repri'.m'nts  the  change  in  bi'ightne.ss  at  the  leading  eiige  of  the  moon  only  approx- 
iniatelv,  since  the  pulse  length.s  employoil  in  the  two  experiment.s  were  not  the  same. 
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Fig-  22.  Echo  Intenilty  vi  rongo  doTay 
obtained  by  correcting  the  curve  thown 
In  Fig.  19  ter  the  effects  of  the  ontenno 
(Flg.M). 


Fig.  23.  Echo  Intensity  vs  log  range  delay. 
This  diagram  combines  the  results  shown  In 
FIgs.S,  18  and  22. 
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Fig.  24,  The  curve  for  echo  intensity  shown  in  Fig.  23 
is  plotted  here  against  o  lineor  range-delay  axis.  Alto 
thown  it  the  curve  observed  by  Pettengill  (Ref.  IS)  at 
a  68-cm  wavelength. 


TABLE  II 

COMPARISON  OF  MILLSTONE  HILL 

AND  CAMP  PARKS  RADAR  SYSTEMS 

Poranw^er 

Mllltlone  Hill 

Camp  Parki 

Camp  Parki  vt 
Mlllitene  HIM 

Peak  tranimiHed  power 

2.5Mw 

120  kw 
(effeetive) 

-13  db 

Antenna  gain 

3Sdb 

61  db 

+  23db 

Antenna  aperture 

250  m* 

150  m* 

-2.3db 

Feeder  louet 

2db 

l.5db 

-10.5  db 

Nolle  temperature  (T) 

245^ 

225^ 

- 

Receiver  bandwidth  (b) 

«  35  kept 

35  kept 

- 

(kTb) 

(-nOdbffl) 

(-I30dbm) 

- 

Pulie  length 

65  (see 

30  |see 

-3.0  db* 

Seniltivlty  of  Camp  Park* 

VI Mlllitono  Hill 

°  +5. 2  db 

*True  only  where  P(t)  doei  not  vary  rapidly  with  time  (t), 

TABLE  III 

COMPARISON  OF  ECHO  INTENSITY 

AT  68-  AND  3.6-CM  WAVELENGTH 

Parameter 

Mlllitone  Hill  Camp  Porki 

Comp  Parki  vt 
MiMitono  Hill 

Slgnal-to-noiie  ratio 
of  ipecular*  peak 

t3l.3db  ■r26.0db 

-5.3  db 

Slgnal-to-nolie  ratio 
at  S-mtee  range 

*6.2db  +9.2db 

• 

>3.0  db 

When  the  equipment  performance  (Table  II)  it  eonildered,  the  following  ratioi 
are  obtained: 

Specular*  component  at  h  »  68  cm  to  h  °  3. 6  cm  °  -*-10. 5  db, 

Rough*  component  at  h  =*  68  cm  to  X  3. 6  cm  =  r2.  2  db. 

*  The  reosom  for  thii  clostificotion  ore  ditcutted  later  In  the  text. 
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Ftg.  2$.  Echo  Inlonilty  plettod  «  o  function  of  log  coig 
whore  g  it  tha  onole  of  Incidence  and  reflection  of  the 
ray.  Thapowor  In  the  region  U*  <  g  <  90^varlei  oi  coig, 
Indicating  that  the  limb  region  of  the  moon  oppaori  to 
icotter  liotroplcolly  at  thli  wavelength  (3.  A  cm). 


F!g.  26.  The  power  in  the  "ipecular"  component  plotted  oi  a  function  of  ilng. 
In  the  region  5"  <  g  <  I8“,  the  low  P(g)  a  exp  (  —  7.1  lingj  ii  obeyed. 


The  echo  power  integrated  under  the  curve  of  Fig.  23  yields  a  cross  section  of  o  0.02ira^. 
The  uncertainty  in  this  measurement  is  at  least  *50  (ler  cent  and  is  in  conflict  with  the  value  ob¬ 
served  by  Kobrin  at  3  cm,  which  this  author  believes  should  have  been  stated  cr  ^  O.OOna^  with 
an  estimated  error  of  *30  per  cent  {Ref.  2).  However,  Hughes^*^  reports  a  value  a  ~  0.021»a^ 
(*5P  ptjr  cent)  at  a  wavelength  of  10  cm,  and  workers  at  the  Jet  Propulsion  Laboratory^^  report 
a  value  (7  •  0.022ira^  ^^-50  ^r  eent^  *  wavelength  of  12.5  cm,  Therefore,  it  is  possible  thal 
the  reflection  coefficient  of  the  lunar  surface  may  be  substantially  lower  at  these  centimeter 
wavelengths  than  at  meter  wavelengths.  Such  a  change  could  come  about  if  the  uppermost  layer 
of  the  surface  were  more  porous  than  that  some  small  distance  {~  1  cm)  below. 


V,  THE  ANGULAR  POWER  SPECTRUM 


The  absolute  level  of  the  total  echo  power  may  be  subject  to  unknown  systematic  errors. 
However,  the  angular  power  spcctntm  depends  only  on  the  shape  of  the  !^(t)  function,  which 
need  not  be  similarly  in  error.  Pettenglll  hos  shown  Dint  his  results  may  be  Interpreted  ns  in¬ 
dicating  two  distinctly  different  types  of  scatter  on  the  surface.  One  component  (the  "rough" 
component)  obeys  the  law 

P(«>)  «  ,  (7) 

niul  is  responsible  for  the  oclioos  obsorvo.l  at  nil  range  delays  beyond  about  2  msec,  When  this 
com|>onent  has  boon  removed,  the  remainder  (termed  Die  "specular"  component)  is  found  to  obey 
Die  law 

P(v)  <7  expl- 10.5  aln«>l  .  ((») 

'Die  resutts  preuented  in  Fig.  2-1  Iwve  been  plotted  against  the  funetlon  log  coh^  in  Fig.  25, 

It  cun  bo  seen  that,  over  the  range  55“  <  <p  <  90”,  the  law 

P(V’)  COM  (9) 

fits  these  oliMcrvattons  extremely  well.  This  law  Indicates  Dint  the  limb  region  is  uniformly 
bi'igl'.t,  since  the  projected  urea  decreases  with  rouge  os  cobv>,  If  this  "rough"  eomponeiit  Is 
subtracted  from  tile  total  power  (Fig.  24)  we  should  expect,  by  nniilogy  with  Fotlengill's  and 
Hughes'  results,  to  he  left  with  a  speemlar  component  which  would  fit  some  simple  low  of  the  form 

V{ip)  «  exp[-A  sinv’l  .  (10) 

The  remainder  has  therefore  been  plotted  against  8lnu>  in  Fig.  2f>.  H  con  be  seen  thnf  the  fiinc- 
llon  cxp(-  7.i  .sln((>]  fits  the  results  near  the  origin  (5"  <  <  18”)  but  not  cl8ew)iere.  A  aearcli 

was  therefore  conducted  for  some  other  simple  function  which  would  fit  the  results.  t7f  the  many 
empirical  laws  tried,  only  the  function 

P(v>)  a:  (ti) 

came  near  to  fitting  the  results  over  the  whole  range  of  angles  (Flg.'27).  The  theoretieol  form 

of  the  ungular  iiower  spectrum  for  reflections  from  a  plane  surface  having  a  number  of  foeets 
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oriented  with  a  Gaussian  distribution  of  angles  to  the  normal  has  b"en  shown  '  to  be 


» 


P(i,'i)  exp 


(12) 
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Flo<  27,  Tbe ''secular"  eomponant  plotiod  at  0  function  of  log  iln$.  The  law 
P(#)  •  iln*'‘'*g  wai  the  onl/  omplrlcol  low  which  could  bo  found  to  fit  the 
obierved  pointi  eve>  a  lubttontlol  range  of  yoluet  for 


Fig.  28.  The  "tpeculor"  compononr  it  here  compared  with  the  fheoreticol  low 
P(f)«e  exp  (-(ton2^2oJ2)|  by  plotting  log  [log  power)  vs  log  tonp. 


to 


. 


Accordingly  the  rcaulta  were  plotted  for  a  comparlaon  with  this  theoretical  law  (Fig.  28).  and  a 
curve 

P(v)  “  exp[-tai>^‘®^l  (13) 

WRM  found  to  tit  the  reaulta  closely  over  the  range  b‘  <  ip  <  55*.  The  theoretical  curve  P(i^)  « 
expl-tan*"  Is  also  shown  in  Fig.  28,  and  to  within  the  limits  of  the  experimental  error 

probably  fits  the  points  almost  as  well.  Thus  the  proposed  angular  power  spectrum  at  S.fa-cm 
wavelength  Is 

The  value  of  ip^  obtained  from  Fig.  28  is  0,355  radian,  or  approximately  20,2°. 

VI.  ACCURACY  OP  THE  MEASUREMENTS 

The  difference  between  the  two  profiles  for  P(i)  obtained  nt  wavelengths  of  6»  ami  3,6cm 
(Fig,  24)  la  quite  significant.  In  order  to  teat  the  validity  of  tlieae  new  menaurementa,  nn  nttompt 

1  s 

wua  made  to  repent  the  measurementa  of  Pettenglll  at  68cm,  using  the  analogue  Inlcgrutlon 
ec|ul|)mcn:.  That  la,  the  detector,  video  amplifier  and  Integrator  were  moved  from  Camp  I’urKa 
to  Millatone  Hill  and  mouaurementa  were  made  with  the  440.Mcpo  rodar  equipment  nt  n  pulae 
length  of  ()5(iscc.  The  method  of  operating  the  integrator  equipment  and  nnulyzlng  the  reaulta 
wua  preclaoly  the  auino  ua  for  the  3,6-ciii  measurementa,  except  tlmt  no  correctlona  for  tlu'  nn- 
tennii  pattern  wer<'  neceasary  beenuae  of  tlic  wide  beam  (2.1'’)  employed  ut  Ihia  rriHpieney,  TtU' 
r<‘Hulla  of  this  work  are  sliown  In  Fig.  29  which  la  n  conipoallc  curve  for  P(t)  ol)talm'i|  from  meaii- 
ureinenta  ualng  20- ,  lOO-  uiul  S00-(iaee  gat«?  wliltha. 


Fig.  29.  Echo  poww  ai  a  function  of  range  obierved  of 
a  wovolongfh  of  68  cm  on  10  November  Ivbl ,  uting  the 
Integrator  equipment deierlbed  In  Sec.tl-D  to  obtain  the 
moon  echo  Intenilty.  Thli  curve  U  olmott  Identical  with 
that  obtained  by  PettengllPS  (Fig.  24)  except  near  the 
peak.  Becoutethe  lompllng  Interval!  ceuldnot  be  mode 
lufflclently  small,  Pottonglll  was  unobto  to  resolve  the 
peak  fully  and  his  curve  rises  I  db  less  than  that  shown 
In  the  figure, 
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In  PettenglU's  measurementa  the  integration  proceaa  was  performed  by  sampling  the  echo 
amplitude  and  converting  the  samples  to  digital  nusnbers,  These  numbers  were  then  summed 
and  stored  in  a  computer.  This  particular  system  has  a  range  resolution  of  only  400  ^sec,  and 
Pettengill  was  obliged  to  "interlace”  several  curves  taken  when  the  moon  was  at  slightly  differ- 
ent  ranges  in  order  to  obtain  a  composite  curve  with  sufficient  resolution  near  the  peak.  The 
analogue  Integrator,  on  the  other  hand,  was  used  with  a  range  resolution  of  aOpsec.  Thus  the 
peak  was  better  defined  in  these  new  measurements,  and  rises  1.1  db  above  the  level  observed 
by  Pettengill,  Elsewhere  the  two  curves  (Figs.  24  and  29)  agree  to  within  a  few  tenths  of  a  dec¬ 
ibel  over  the  entire  range  of  delays.  It  is  concluded  from  this  study  that  the  integrator  la  in  no 
way  responsible  for  the  difference  between  the  two  curves  in  Fig.  24. 

There  are  other  i>os8lble  sources  of  error.  They  include  nonlinearity  of  the  amplifiers  in 
the  receiver,  but  checks  were  made  which  exclude  this  possibility.  The  results  (or  the  central 
region  are  very  susceptible  to  inaccuracies  in  the  pointing  of  the  antenna.  The  digital  electronic 
control  syslem  maintained  the  commanded  position  within  *0.014°  (i.e.,  *0.1  beamwidth)  of  the 
center  of  the  moon.  However,  there  may  have  boon  boresight  errors  that  displaced  the  true  po¬ 
sition  of  the  beam  from  Iho  axis  of  the  antenna  which  were  substantially  larger  tluin  this.  The 
agreement  between  the  results  obtained  (Flga.  14,  16)  with  the  antenna  displaced  from  the  center 
of  the  moon  by  equal  amounts  in  different  directions  suggests  that  any  such  boresight  errors 
must  be  small  (l.o,,  ^  *0,02'),  However,  the  possibility  that  thcborcslgtU  errors  are  themselves 
a  function  of  the  antenna  elevation  cannot  be  excluded  as  a  small  source  of  error  in  these  meas¬ 
urements. 


vn.  DISCUSSION  OF  THE  RESULTS 

1 S 

PeUenglU  Itos  shown  that,  at  n  OB-cm  wavelength,  tltc  "rough"  component  arlseH  from 
Hcattei'urs  which  cover  nine  per  cent  of  Uto  surface,  if  it  is  assumed  that  botli  types  of  scatteror 
arc  coinpoHcd  of  the  same  kind  of  material.  In  t)te  present  results  some  SO  |)er  cent  of  Die  total 
power  is  returned  by  the  "rough"  comitonent,  Wo  eon  assumo  (as  Pottenglll  has  done)  that  the 
"specular"  component  is  Inotropic,  t.o.,  it  does  not  scatter  more  favorably  toward  the  radar 
thon  in  any  other  direction.  The  "rough"  component,  on  the  other  hand,  will  not  bo  Isotropic 
ond  will  exhibit  a  goin  g  given  by 

•jir  P(«))  Bin 

l’(ivO)  Sint  8ln«p  dl  dv>  de 

where  P(i¥>0)  describes  how  the  power  reflected  from  an  element  of  surface  varies  with  t)»e  angles 
lip  and  0  which  arc  specified  in  Fig.  30.  P(«>)  is  the  special  cose  where  i  =  <f  ond  0  =  0  and  this 
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Fig. 30.  T)i*  lurfocepholometric  function  P(lf 8). 


3i 


1b  the  only  cbbc  that  can  be  studied  by  means  of  radar  measurements  on  the  earth.  B(.>cau8e  the 
complete  function  P(l«i0)  cannot  be  measured  (by  earth-based  radars  alone),  we  cannot  rlgorou8l,v 
determine  g,  the  directivity.  However,  we  may  obtain  an  Insight  into  Its  value  by  computing  g 
for  certain  optical  laws,  For  Instance,  Lambert's  law  states  that 

s  P(lg>e)  “  COB  I  cos  V  (16) 

and  has  been  sltown^^  to  yield  a  value  g  2,66,  No  simple  function  describes  the  photometric 

O 

law  P{i(pO)  for  the  moon  at  optical  wavelengths.  This  is  unfortunate,  because  the  uniform  bright¬ 
ness  of  the  limb  region  observed  in  these  results  suggests  that  the  complete  scattering  law  P(l«)0) 
may  be  very  similar  to  that  obeyed  at  optical  wavelengths.  The  function 


c-^,7fT^i^  (l+cos^G)  (57) 

g 

provides  an  approximate  fit  to  the  photometric  observations  of  the  moon's  brightness  and  If  this 
expression  |Kq.  (17)]  la  substituted  Into  tlie  equation  for  the  goln  g  |Eq.(15)|,  a  voluo  g  -  2.68  can 
be  obtained  by  numerlunl  Integration.  Thus,  If  the  assumption  Is  made  that  this  value  Is  the  ap¬ 
propriate  one  to  take  for  the  gain  of  the  rough  component,  tlie  fraction  of  tlie  surface,  which  must 
lie  covered  by  this  typo  of  scatter,  can  bo  determined  and  Is  14  per  cent. 

7 

Ilayre  and  Moore  linve  shown  that  many  kinds  of  torroln  on  earth  may  be  deserlbod  by  an 
autoeorrclution  functlou,  wtileh  defincH  the  correlation  bolwcen  Die  lielglits  of  two  points  on  the 
Hurl'uco  as  u  function  of  their  horlsontal  distatiee  d  apart  of  the  form 


,.(<«=  exp(-|d|/Bl  ,  (18) 

where  n  1h  a  cluiructerlstU:  scale  of  tlie  surface.  They  linve  furtlier  sliown^”*  that  the  angular 
power  speetrum  for  sucli  surfaces  enn  Is*  otitnImMi  as  u  nitlier  coinplleuted  function  of  tlie 
angh'  of  Incidence,  K,  the  radio  wavelength,  II,  the  cliuraeteristlc  senle  and  hj^^,  tlie  Hlandard 
deviation  of  tile  height  fluetuattons  (assuming  these  to  lie  normally  distributed),  Tlie  funetlon 
exp|- (0,6  slni/’l  observed  by  t'cttoiigllr  approximates  to  c\p(-10.6y)|  for  small  ip,  and 
ILiyre*'  *  claims  that  this  Is  a  siieclal  case  of  his  gciieral  law  for  the  angular  power  speetrum. 

I, 

tiulle  Independciitly  Daniels  has  sueceeded  In  showing  tliot  o  surface,  wliieh  con  be  described  by 
un  exponential  autoeor relation  funetlon,  would  give  rise  lo  on  angular  power  spectrum  of  the  form 
observetl  by  Pettenglll*^  luul  Uuglies.*^  Huyri'  imd  Moore^  speculate  that  the  law  exp[-  |d|/H| 
may  hold  for  smaller  height  li  and  distance  d  intervals  than  they  were  able  to  exnmlnc.  Hecmmc 
of  the  finite  I'ontour  Intervals  on  the  rnnps  which  these  authors  examined,  structure  slae  of  the 
order  of  less  than  'em  In  height  was  imt  Inehided.  Thus,  though  their  statement  mny  be  true 
for  the  earth.  It  seems  unlikely  111  the  case  of  llie  moon  In  view  of  the  [iliotoinetrle  evidence, 
whirh  indirntes  that  the  moon  Is  exceedingly  rough  over  small  height  Intervols  h  ond  surface 
di.slonrea  d.  Hence,  near  the  origin,  the  eorrelotion  function  p(d)  probably  no  longer  has  an 
i-xponcntiTi  'I'he  results  presented  here  Indicate  thot  the  "specular"  compoient  obeys  the 

.‘u  atterir.g  law  predieted  by  lingfors  .and  Sprtnrr  and  Katz*'*'  for  n  surfnee  b,  ,  iiig  ,i  (iaussian 
nutoeorrelation  funetlon 


p(d) 


(n) 


(when'  d^^  is  the  horizontal  seah-  of  the  undulations),  which  gives  rise  lo  an  angular  l>owrr 
spectrum 
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where  *''’'■  height  fluctuation.  Thus  the  average  surface  gradient 

is  and  the  value  obtained  In  these  expei  hnciita  Is  approxUnately  one  In  three.  This  la  con¬ 
siderably  steeper  than  the  values  Inferred  foi  longer  wavelength  measurements*'^’^®  which  cen¬ 
ter  around  one  In  ten.  It  Is  therefore  concluded  tliut,  when  surface  structure  on  the  moon  of  the 
order  of  0.5  cm  Is  examined,  the  surface  is  still  largely  smooth  (only  14  per  cent  appears  rough) 
but  that  the  average  aurface  gradient  la  one  in  three  and  the  autocorrelation  function  now  resem¬ 
bles  a  Gaussian  function  more  closely  than  an  exponential  function. 

At  first  sight  it  seems  surprising  that  tho  angular  power  spectrum  H(v>)  can  be  the  same  at  68 
(Pottcnglll**)  and  10cm  (Hughes*®),  yet  different  at  5-cm  wavelength,  it  must  be  borne  in  mind, 
however,  that  the  law  P(«))  «  expl-lOv))  was  observed  by  Hughes  only  over  the  range  3“  <  v>  <  14°, 
Thus  the  range  of  angles  common  to  Pottengill's  and  Hughes'  measurements  is  V  <  yj  <  14”.  Tho 
mcasuromonta  reported  here  have  been  shown  (Fig,  26)  to  obey  a  similar  exponential-sine  law 
(exp[-7  sinvl)  over  the  rongc  6*  <  y>  <  18“  but  not  beyond.  It  would  be  expected  tlint  the  10-cm 
observations  should  show  cloaor  resemblance  to  the  i.6-cnf  observations  than  to  Oiose  ot  6Hcm. 
Hence  Hughes  might  hove  found  that  P(y>)  departed  from  tho  low  oxp|“10v>l  for  angles  tp  >  20" 
opproximatoly,  liad  he  been  able  to  make  niousurcments  at  the  eorrespondlng  time  delays.  In 
sliort,  the  obseswatlons  at  10cm  by  Hughes  do  not  conflict  with  the  meaaurcmciUa  reported  here, 
since  they  wore  not  mode  over  the  same  large  range  of  angles  of  ineldenee  y). 


VIII,  CONCLUSIONS 


PulHed-rndnr  meamirements  at  u  wavelength  of  3,6 cm  have  been  used  to  determine  tlie  briglit- 
ness  diHtiMb\ition  over  the  surface  of  the  moon.  The  angular  I'ower  spcetrtim  obtained  from  this 
work  Is 


P(V»  -  P^-o 


COB  ip 


(21) 


The  second  term  closely  resembles  the  bchovlor  of  the  moon  ut  optical  wavelengths,  and  it  is 
coneludecl  that  the  scotterers  responsible  for  this  form  of  reflpetion  ore  distributed  over  14  per 
cent  of  tho  surface.  The  first  term  is  atlilbulcd  to  the  siiioothcr  portions  of  the  surface  (i.t?., 
smoother  t)ian  approximately  a0.5cm)  which  appear  to  be  described  by  a  Gaussian  S|>atlal  aulo- 
eorrelntion  function.  These  undulations  hove  on  nverogo  grodient  of  one  in  three,  which  is  ap¬ 
proximately  three  times  thot  obtained  from  observations  at  meter  wavelengths. 

The  integrated  reflected  power  yields  a  value  for  the  radar  cross  section  of  the  moon  of 
2  per  cent  of  the  physical  cross  section  (wa^).  This  is  substuntlally  lower  thon  the  average  value 
obtained  at  meter  wavelengths  (7  per  cent),  and  the  only  previous  measurement  at  3cm  (9  per 
cent).  However,  two  published  measurements  for  wavelengths  close  to  10  cm  also  Indicnle  :i 
cross  section  of  2  per  cent.  It  is  possible  thot  all  three  low  values  result  from  undetected  losses 
in  the  radar  equipments  employed,  orthat  the  reflection  coefficient  is  substantially  lower  at 
these  short  wavelengths.  This  second  })ossibi]ity  could  well  result  from  the  presence  of  o  thin 
layer  of  dust  overlying  most  parts  of  the  surface.  The  existence  of  such  a  layer  has  frequently 
been  postulated  to  explain  the  radiometric  temperature  nicusurcments  of  the  lunar  surface,  hor 


communications  purposes,  the  fact  that  the  "specular"  returns  from  the  leading  edge  of  the  moon 
are  less  prominent  (approximately  10  db)  at  3.6-  than  at  68-cm  wavelength  Is  to  be  regretted. 
However,  at  this  frequency  It  Is  not  difficult  to  limit  the  over-all  range  broadening  by  employ. 

Ing  parabolic  antennas  of  conventional  size.  In  Appendix  A,  It  is  shown  that  the  bandwidth  of 
the  Project  West  Ford  system  (60-foot  antennas),  using  the  moon  as  a  reflector,  Is  abmit  *l  keps. 
This  is  substantially  the  same  as  Is  observed  at  meter  wavelengths. 
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APPENDIX  A 

THE  BANDWIDTH  OF  THE  PROJECT  WEST  FORD  COMMUNICATICR4S  SYSTEM 
WITH  THE  MO<^  AS  A  REFLECTOR 


The  concept  of  bandwidth  for  a  time-varying  network  such  as  that  provided  by  a  inoon- 
reflecUon  communication  circuit  la  somewhat  different  from  that  employed  to  describe  a  passive 
imear  electrical  filter.  In  the  case  of  the  moon,  the  total  reflected  power  Is  not  markedly  fre¬ 
quency  dependent,  l.e.,  the  transfer  function  la  essentially  flat  over  a  wide  frequency  range. 
Thus  the  transfer  function  Itself  does  not  describe  the  useful  bandwidth  of  a  radio  communica¬ 
tions  system  which  uses  the  moon  as  a  reflector.  A  discussion  of  the  definition  of  the  system 
bandwidth,  together  with  measurements  of  the  "bandwidth"  by  different  methods,  has  been  given 

4  ^  i  A 

In  two  earlier  reports.  '  Hero  It  need  only  be  said  that  the  most  uoeful  definition  appears  to 
bo  provided  by  the  cross-correlation  function  v(Af)  which  describes  the  correlation  between  the 
amplitudes  of  two  radio  waves  at  frequencies  fj  and  f^  (where  fj  "  °  <^0.  That  Is,  two  radio 

waves  simultaneously  reflected  by  the  moon  will  fade,  and  If  their  frequency  sejiaratlon  dif  is 
IncrouHod  to  the  point  where  the  correlation  between  their  amplitudes  has  fallen  to  l/e,  then  Af 
la  the  effective  bandwidth.  It  has  also  been  shown  that  the  function  y(Af)  Is  the  square  of  the 
ti'ciurtcr  cosine  triinsform  of  the  Infinite  Impulse  response  P(t).*  lienee  the  iineorrecteil  full- 
lino  curve  for  P(t)  given  In  Fig.  7  defines  the  bandwidth  of  the  communications  system  (for  u 
single  channel)  which  can  bo  employed  by  the  Project  West  Ford  equipment, 

An  approximate  estimate  of  what  this  Is  can  be  obtulncd  ns  follows;  A  function  fMt) 
exp  (-at)  can  be  made  to  fit  the  results  of  Fig.  7  quite  well  over  the  range  0  <  I  <  l.Omsee,  if 
a  ^  5750,  Thus  v(Af)  which  la  the  square  of  the  FourU'r  cosine  Iriinsform  of  this,  is  given  by 

v(Af)  ra  constant  (  T ® - 2I  •  (A-l) 

la*'  +  (2itAn^J 


If  the  constant  is  chosen  to  normall/,e  v(Af)  •'  1  for  Af  -  0,  then 


ylAf) 


1  +  I  1*^ 

>  +  I  91.4  I 


(A-2) 


II  follows  ihnl  the  useful  single-channel  bandwidth  of  the  system  Is  approximately  *1  keps. 

I  bis  Is  substaiitiully  the  same  as  that  found  by  Ingalls,  <n  .il.  at  a  wavelength  of  73  cm,  and 
demonsteates  that,  although  the  speeular  refleetlons  are  less  predominant  over  the  diffuse  com¬ 
ponent  at  3.(1  than  nl  f.Bcin,  for  communications  purposes  this  eon  be  offset  by  narrow  antenna 
benmwnltbs. 
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